Perovskite solar cells (PSCs) have attracted great attention due to their low cost and high power conversion efficiency (PCE). However, the defects and grain boundaries in perovskite films dramatically degrade their performance. Here, we show a two-step annealing method to produce mesoporous PbI2 films for growth of continuous, pinhole-free perovskite films with large grains, followed by additional ethanol vapor annealing of perovskite films to reduce the defects and grain boundaries. The large perovskite grains dramatically suppress the carrier recombination, and consequently we obtain ZnO-nanorod-based PSCs that exhibit the best efficiency of 17.3%, with high reproducibility.
Introduction
Thanks to various attractive optoelectronic characteristics, including a high absorption coefficient, a tunable bandgap, and a long carrier diffusion length, the family of perovskite materials are ideal light harvesters. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] Methylammonium lead iodide (MAPbI3), with a bandgap of about 1.5eV and a light absorption spectrum up to a wavelength of 800 nm, has been extensively studied as a light harvester in solar cells. Following a rapid surge of development, solution processed MAPbI3 has boosted the power conversion efficiency (PCE) of perovskite solar cells (PSCs) based on ZnO to above 17% [13] and TiO2 to above 22%. [14] Most of PSCs based on TiO2 electron transporting materials (ETM), but ZnO attracts attention for using as ETM in PSCs due to its high electron mobility.
The performance of PSCs depends strongly on crystalline quality and morphology of MAPbI3 films. The two-step sequential method is widely adopted for deposition of perovskite films.
However, the sequentially deposited perovskite film suffers from lower crystallinity as compared to those produced from the one-step solution method. A great deal of efforts, for instance, thermal annealing, vapor assisted perovskite formation, solvent additives, and mixed solvents for preparation of perovskite precursors have been carried out to imrpove the crystalline quality of sequentially deposited MAPbI3 films. [15] [16] [17] Among these methods, solvent vapor annealing is one of the most effective and facile ways to improve the crystal morphology of MAPbI3. [18] [19] [20] [21] [22] [23] The goal of these studies is to fabricate a compact perovskite film with large grains. Regarding solvent annealing (SA) processes, most works focused on annealing perovskite films in solvent atmospheres, for example DMF, DMSO, methanol, ethanol, pyridine, and isopropanol. Most of the solvent annealing processes treated perovskite films themelves, but formation of sequentially deposited perovskite films also strongly depends on the surface morphology of PbI2 films. Wong 3 et al. demonstrated that porous PbI2 contributes to full conversion of PbI2 to MAPbI3, resulting in a PbI2-free and highly oriented perovskite film. [24] Zhu and the coworkers reported the use of mesoporous PbI2 as scaffold for highly efficient planar heterojunction PSCs. [25] Based on mesostructured lead halide, Graetzel et al. produced contiguous and dense perovskite films consisting of FA1-xMAxPb (I1-xBrx )3 for high performance PSCs. [26] The above studies demonstrated that porous PbI2 films facilitate crystallization and grain growth of perovskite films.
Recently, we employed an effective solvent annealing process for PbI2 films, and sequentially prepared high quality perovskite films. The obtained TiO2-based PSCs exhibited an efficiency of 18.5%. [27] In this paper, we present a new approach for producing high quality perovskite films with large grains on ZnO nanorods (NRs). The mesoporous PbI2 film was prepared by a two-step thermal annealing method from PbI2 in a mixed solution of N,N'-dimethylformamide (DMF) and dimethyl sulfoxide (DMSO). The prepared mesoporous PbI2 films assisted the growth of large grains in sequentially deposited perovskite films. The perovskite films were then solvent annealed in the ethanol vapor atmosphere to further increase the compactness and grain size. As a result, the attained efficiency of PSCs based on ZnO NRs is as high as 17.3%.
Experimental
Fabrication of ZnO NRs Based Perovskite Solar Cells.
The schematic flow diagram shown in Figure 1 exhibits fabrication processes of PSCs based on ZnO NRs. ZnO NRs based PSCs were fabricated by using a two-step method in a nitrogen-filled glove box (<1 ppm O2 and H2O). were simulated by fitting of the impedance spectra using Zview software. Transient photoluminescence (PL) spectra of the samples were measured using a Fluorolog-3 (Jobin Yvon Inc) fluorescence spectrophotometer to observe the recombination rate of photogenerated carriers.
Results and discussion
The pinholes and grain boundaries are known as the reasons for poor photovoltaic performance of PSCs. It is therefore highly desired to increase the crystallinity of MAPbI3 films. We firstly carried out two-step annealing for the PbI2 films to investigate the crystallization. As shown in film. Therefore, we believe that the SA process enhances more effectively the grain size and compactness of the perovskite film based on mesoporous PbI2 than that based on DMF and DMSO.
We further evaluated the size of the SA treated perovskite crystals using software (Nano Measurer) as shown in Figure S1 . The DMF based MAPbI3 film exhibits the smallest average grain size of ~220 nm, and the grain is evenly distributed on the surface. The average grain size of DMSO based MAPbI3 films is ~340nm, and the sizes are broadly distributed from about 100 to 500 nm. However, the mesoporous PbI2 based perovskite films have an average grain size of ~410 nm and a small range of distribution, with more than 80% located in a small range around 300~600 nm.
As shown in Figure 4 absorption. 20 Consequently, we observed a strong XRD peak ascribed to the residual PbI2 in DMF based perovskite film. As we stated above, the mesoporous promotes the conversion of PbI2 to
MAPbI3 by providing transporting channels and surface areas for MAI, resulting in negligible residual PbI2 in perovskite films. The full conversion of PbI2 to MAPbI3 is important for fabrication of highly reproducible PSCs.
The UV-VIS spectrum of MAPbI3 films prepared by DMF based PbI2 as shown in Figure 4 (c) displays an obvious peak at 510 nm ascribed to residual PbI2. Meanwhile, the UV-vis spectrum shows that a pure MAPbI3 film prepared by MS based PbI2 films exhibits a stronger absorption at around 750 nm than that prepared by DMF based PbI2 films. By using ZnO NRs as ETM, we fabricated PSCs based on the TA process. The ZnO NRs were coated using three cycles of ALDAl2O3, and the defects on the surface were suppressed dramatically. The full scan XPS spectrum shown in Figure S2 exhibits a weak, but distinct Al 2s peak at 125eV ascribed to ALD-Al2O3, We further employed the SA process on the DMF, DMSO, and MS based MAPbI3 films. The
PSCs with SA treated perovskite films exhibit higher efficiency than the TA treated devices. As shown in Figure 6 (a), the SA treatment on PSCs increases the PCE from 10.4% to 13.5%, from
13.1% to 14.7%, and from 15.6% to 17.3% separately. As stated above, the small average grain size results in large number of grain boundaries as well as large series resistance of PSCs because the photo-generated carriers have to cross more grain boundaries. In addition, the grain boundaries can act as scattering centers to reduce the lifetime of photo-generated electrons in the MAPbI3 layer, which degrades the performance of PSCs. 19 For perovskite-based solar cells, the scan speed affects the J-V curves and the cause for this behavior is yet to be determined. A reliable, scanindependent metric to determine the efficiency of PSCs is the stabilized power output near the maximum power point. To identify the stable output, we measured the stable current density of the solar cells with a constant bias (0.861V) for 150s. As exhibited in Figure 6 (b), the stable current density is 19.9mA/cm 2 , which is almost the same as that measured from the photocurrent scanning. The stable output PCE corresponding to the stable current density is 17.1%, represents the actual power output and efficiency. The external quantum efficiency (EQE) spectrum of the best sample is shown in Figure 6 (c). The EQE demonstrates the onset of photocurrent at 800nm, and high quantum yield throughout the entire wavelength range. Based on the EQE curve, we can calculate the short circuit current of the cell using the following equation:
Where q is the charge of electron, PAM1.5 () is photon flux from the simulated sunlight. min and max are 300 and 800nm, respectively. The spectrum is the same as that used to measure the PCE. The integrated photocurrent of 20.9 mA/cm 2 estimated from the EQE curve is in good agreement with that measured from IV characteristics shown in Fig.6 (a) . To investigate the reproducibility of PSCs, we fabricated two groups of PSCs based on mesoporous PbI2 films. One group (50 devices) was treated by the TA process, and the other group (50 devices) was treated by the SA process. The efficiency distribution of both the TA and SA treated PSCs are shown in EIS is a highly standard measurement technique to determinate the main electrical properties in devices' working conditions for a variety of inorganic and hybrid solar cells, including
DSCs and quantum-dot sensitized solar cells. [28] [29] [30] As shown in Figure 7 
As the results shown in Figure 7 with large grain size. 30 The PL spectra further confirm that the compactness and large grains in perovskite films reduce grain boundaries and suppress carrier recombination.
Conclusions
In summary, the mesoporous PbI2 films produced by the two-step annealing method assisted the growth of large perovskite grains. The crystallinity and grain size of perovskite films was further improved by SA process in ethanol vapor. SEM, XRD and UV absorption were carried out to elucidate the role of mesoporous PbI2 film and SA treatment in improvement of film crystallinity.
The EIS and transient PL measurements confirm that the reported method reduces the grain boundaries and increases the carrier diffusion length as well as the recombination resistance in
PSCs. The fabricated ZnO NRs based PSCs with high reproducibility yield high efficiency of 17.3%, which is the highest efficiency for ZnO based PSCs. 
